Abstract
INTRODUCTION
Truncus arteriosus (TA) accounts for 0.7-3% of congenital cardiac defects [1, 2] . Our recent review of 171 patients with TA managed at The Royal Children's Hospital described good short-and longterm outcomes following complete repair [3] .
The impact of truncal valve (TV) insufficiency and concomitant TV surgery on the outcomes of TA repair are not well defined. Preoperative mild TV insufficiency is often well tolerated; however, moderate or greater TV insufficiency has been reported as one of the most important factors influencing mortality [4] [5] [6] [7] [8] . Concomitant TV surgery in patients with moderate or greater TV insufficiency may be beneficial in reducing mortality and later TV surgery. We therefore sought to determine the impact of TV insufficiency and concomitant TV surgery on children who underwent TA repair at a single institution.
PATIENTS AND METHODS

Patients
Between 1979 and 2016, 180 consecutive patients underwent repair of TA (Fig. 1 ). Data were obtained by review of medical records from initial admission until the last cardiology follow-up. Overall follow-up was 98.6% (137/139) complete for survivors with a median follow-up of 18.5 years (mean 17.3 years; range 1-35 years). Two patients were lost to any follow-up. Patients who underwent concomitant TV surgery had a median follow-up of 14.6 years (mean 13 years, range 1-24 years). At the last followup, all patients were in New York Heart Association Class I/II.
Definitions
Early mortality and reoperation were defined as those occurring within 30 days of surgery or prior to hospital discharge. All other deaths and reoperations were considered late. Subsequent TV surgery was defined as the first TV surgery done after the initial TA repair. The presence of TV insufficiency was evaluated by preoperative transthoracic echocardiography (TTE) and colour Doppler imaging using standard echocardiographic criteria [9] [10] [11] [12] , including M-mode assessment of left ventricular function, Doppler assessment of pressure half-time (mild >500 ms; moderate = 500-200 ms; severe <200 ms), diastolic flow reversal in the descending aorta (mild = brief, early diastolic reversal; moderate = intermediate; severe = holodiastolic flow reversal), colour-flow regurgitant jet size (mild = small central jet <25% LVOT; moderate = intermediate jet greater than mild but no signs of severe; severe = large central jet >65% LVOT) and measurements of the truncal regurgitant jet width:annulus ratio (mild <25; moderate = 25-64; severe > _65). TV insufficiency was graded qualitatively from none/trivial to severe. Generally, TV surgery was performed at TA repair when preoperative TV insufficiency was graded as moderate or greater. More modest degrees of TV insufficiency were repaired only when intraoperative decision-making dictated that TV repair was necessary.
Data analysis
Data were analysed using STATA version 12 (StataCorp LP, College Station, TX, USA). Descriptive statistics for continuous data are expressed as means ± standard deviations (range), while skewed continuous data are expressed as medians (interquartile range). Categorical data are summarized as frequencies and percentages. Univariate and multivariate logistic regression and Cox proportional hazard modelling were used to determine the risk factors for mortality and reoperation. The Kaplan-Meier actuarial survival (±standard error) was used to analyse and plot time-related endpoints. Statistical significance was set at P-value <0.05.
RESULTS
Patient characteristics are summarized in Table 1 . Overall median age at TA repair was 52 days (mean 144 days; range 1 day-8.7 years), and the median weight was 3.5 kg (mean 4.1 kg; range 1.2-23 kg). Preoperative TTE determined TV insufficiency in 80 patients (Table 1) . Twenty-two patients had an associated interrupted aortic arch (IAA), of whom 21 had mild or less TV insufficiency and 1 had moderate TV insufficiency.
Mild or less truncal valve insufficiency
A total of 161 patients had mild or less TV insufficiency on preoperative TTE. Nine of these patients underwent concomitant TV surgery. Two patients with no TV insufficiency underwent commissurotomy due to TV stenosis. Four patients who were deemed to have mild TV insufficiency on preoperative TTE were in fact found to have at least 'moderate' TV insufficiency on intraoperative echocardiography and underwent concomitant TV surgery. One patient had a TV with a flail leaflet and was repaired despite mild TV insufficiency. One patient underwent commissurotomy to facilitate unroofing of an intramural coronary artery. One patient underwent resection of large myxoid nodules from the free edge of the cusps. There was 1 early death in this patient cohort, described below. There were no late deaths. There have been 3 TV reoperations (redo TV repair, n = 1; TV replacement, n = 2) in this patient cohort. Long-term TV status is good with all patients (n = 8) having mild or less TV insufficiency.
There were 152 patients with mild or less TV insufficiency who did not undergo concomitant TV surgery. Early mortality in this patient cohort was 11.2% (17/152) and long-term survival at Fig. 2A) . Eleven of the 152 (7.2%) patients with preoperative mild or less TV insufficiency required subsequent TV surgery due to worsening insufficiency during the follow-up period. This included 5 patients (TV repair, n = 2; TV replacement, n = 3) with none/trivial TV insufficiency at a median time of 12.9 years and 6 patients (TV repair, n = 2; TV replacement, n = 4) with mild TV insufficiency at a median time of 5.5 years. The long-term TV status in surviving patients with preoperative mild or less TV insufficiency who did not undergo concomitant TV surgery is excellent, with 98.3% (114/116) of patients having mild or less TV insufficiency at the last follow-up, while 2 patients had moderate TV insufficiency.
Moderate or greater truncal valve insufficiency
A total of 19 patients had moderate or greater TV insufficiency (moderate, n = 17; severe, n = 2) on preoperative TTE ( Table 1 ).
The TV anatomy was tricuspid in 4 patients and quadricuspid in 15 patients. Both patients with severe TV insufficiency had a quadricuspid TV. As the degree of TV insufficiency increased, the age and weight of patients at the initial operation decreased (Table 1) .
Twelve patients with moderate or greater TV insufficiency underwent concomitant TV surgery. Early mortality in this cohort was 25% (3/12; moderate, n = 2; severe, n = 1). There were 2 late deaths. Ten patients required TV reoperation (redo TV repair, n = 7; TV replacement, n = 3) during the follow-up period. Of the surviving patients, long-term TV status is good, with all patients having mild or less TV insufficiency at the last follow-up.
Seven patients with moderate TV insufficiency did not undergo concomitant TV surgery. These patients presented earlier in the study period when a more conservative approach to moderate TV insufficiency was undertaken, and these patients did not undergo concomitant TV surgery. Two of these patients died before any TV intervention, one of whom had a concomitant IAA and died after becoming septic. Three patients required subsequent TV surgery (TV replacement, n = 2; TV repair, n = 1) due to worsening TV insufficiency at 6 days, 8 months and 13.3 years, respectively. The remaining 2 patients have not undergone any TV surgery, both of whom had a tricuspid TV and had mild TV insufficiency at the last follow-up. There was no statistical difference between patients with moderate TV insufficiency who did not undergo concomitant TV surgery and those with mild or less TV insufficiency (P = 0.14) (Fig. 2A) .
Concomitant truncal valve surgery
Twenty-one patients underwent 'concomitant' TV surgery at TA repair. The TV was bicuspid in 2, tricuspid in 7 and quadricuspid in 12 patients. Seven patients (mild, n = 3; moderate, n = 3; severe, n = 1) underwent subcommissural annuloplasty (Fig. 3) . Four patients (mild, n = 1; moderate, n = 3) underwent suture valvuloplasty (Fig. 4) . Four patients (mild, n = 1; moderate, n = 2; severe, n = 1) underwent TV cusp resection and annular reduction (Fig. 5) . Three patients underwent commissurotomy (none, n = 2; mild, n = 1). One patient with moderate TV insufficiency underwent TV cusp elongation with glutaraldehyde-treated autologous pericardium and commissuroplasty. One patient with mild TV insufficiency underwent resection of large myxoid nodules from the free edge of the cusps. One patient with moderate TV insufficiency required TV replacement with a 10-mm aortic homograft. No patient with a concomitant IAA underwent TV surgery. There were 4 early deaths in children who underwent concomitant TV surgery. The first death occurred in 1981 in a 1.7-kg, 1-day-old girl with moderate TV stenosis who underwent TV commissurotomy. She had cardiac arrest on postoperative day (POD) 7 and died. The second death occurred in 2001 in a 3.3-kg, 55-day-old girl with moderate TV insufficiency who underwent subcommissural annuloplasty. She had severe tracheobronchomalacia and an acute myocardial infarction and died on POD 1. The third death occurred in 2005 in a 3-kg, 7-day-old girl with severe TV insufficiency and Scimitar syndrome who underwent subcommissural annuloplasty and right pneumonectomy due to pulmonary haemorrhage. She emergently underwent TV replacement on POD 0 due to severe TV insufficiency and was placed on extracorporeal membrane oxygenation (ECMO). Unfortunately, she could not be weaned off ECMO and later died on POD 12. The fourth death occurred in 2010 in a 3.3-kg, 21-day-old boy with moderate TV insufficiency who required preoperative ECMO for 3 days due to severe respiratory distress, sepsis and cardiac arrest. He underwent subcommissural annuloplasty and remained on ECMO. He could not be weaned off ECMO and treatment was withdrawn on POD 17. There was no statistical difference in early deaths between patients who underwent concomitant TV surgery and those who did not [19% (4/21) vs 11% (17/159); P = 0.26]. There were 2 late deaths. Overall survival in patients who had concomitant TV surgery was 70.8 ± 10.1% (95% CI 46.2-85.7) at 20 years ( Fig. 2A) and was not statistically different from patients with mild or less TV insufficiency (P = 0.28). Furthermore, concomitant TV surgery (P = 0.50), moderate or greater TV insufficiency (P = 0.34) or a quadricuspid TV (P = 0.51) were not identified as risk factors for mortality on univariable analysis. Most concomitant TV surgery was performed in the last 2 decades; therefore, the era of surgery did not impact TV surgical outcomes.
Truncal valve reoperation
Reoperation on the TV (including following concomitant TV surgery, n = 13 and subsequent TV surgery, n = 14) occurred in 27 patients. Concomitant TV surgery (P = 0.001, hazard ratio 7.9, 95% CI 3.4-18.5) and a quadricuspid TV (P = 0.04; hazard ratio 2.4, 95% CI 1.1-5.4) were risk factors on Cox regression for late operation on the TV. TV reoperation was common in patients who had concomitant TV surgery. Thirteen patients underwent TV reoperation at a median time of 2.4 years (1.0-5.2 years). Freedom from TV reoperation was 19.2 ± 14.9% (95% CI 1.6-51.9) at 20 years (Fig. 6) . The type of TV repair was not associated with reoperation rate. One patient who underwent commissurotomy due to TV stenosis required TV replacement at 8.5 years due to the TV being dysplastic and becoming moderately insufficient. Currently, only 2 patients had concomitant TV surgery and did not require TV reoperation. Both patients have mild TV insufficiency.
There were 159 patients ( Fig. 1 ) who did not undergo concomitant TV surgery, 14 of whom required subsequent TV surgery (TV repair, n = 5 and TV replacement, n = 9) at a median time of 7.9 years (3.9-12.6 years) for persisting or worsening TV insufficiency. Freedom from subsequent TV operation was 84.0 ± 4.6% (95% CI 72.5-91.0) at 20 years. Surgical technique is summarized in Fig. 1 . Seven of the 14 (50%) patients who underwent subsequent TV surgery had a quadricuspid TV. Two patients required subsequent TV surgery (TV repair, n = 1 and TV replacement, n = 1) during their 'initial' hospital stay for TA repair. There was 1 late death in the 14 patients who underwent subsequent TV surgery. Of the 13 surviving patients, 10 have undergone TV replacement and 3 have mild or less TV insufficiency. There were 2 patients with concomitant IAA who required subsequent TV replacement-both patients are well 10 and 26 years, respectively. The need for aortic arch surgery did not impact on the progression of TV insufficiency.
Neonates
There were 60 neonates, of whom 33 had TV insufficiency. There were 24 neonates (40%, 24/60) operated between 1979 and 1999 and 36 neonates (60%, 36/60) between 2000 and 2016. Thirty neonates underwent TA repair in the last 10 years. Eighteen of the 60 (30%) neonates had concomitant IAA repair. There was a significantly (P = 0.02) higher proportion of early deaths among neonates (20%, 12/60) compared to older patients (7.5%, 9/120). However, neonatal surgery was not identified as a risk factor on univariable analysis for overall mortality (P = 0.38). Overall survival in neonates was 72.8 ± 5.8% (95% CI 59.4-82.3) at 20 years. Eleven neonates underwent concomitant TV surgery. Two neonates had severe TV insufficiency (quadricuspid TV, n = 2), 5 had moderate TV insufficiency (quadricuspid TV, n = 3; tricuspid TV, n = 2), 3 had mild TV insufficiency (quadricuspid TV, n = 1; tricuspid TV, n = 2) and 1 had no TV insufficiency (tricuspid TV, n = 1) but severe stenosis. Early mortality was 27% (3/11) (Fig. 2B) , and overall survival was 62.3 ± 15.0% (95% CI 27.8-84.0) at 20 years. Neonatal TV surgery was not identified as a risk factor for mortality on univariable analysis (P = 0.41).
Of the 11 neonates who underwent concomitant TV surgery, 6 required TV reoperation (redo TV repair, n = 1; TV replacement, n = 5) at a median time of 250 days. Freedom from TV reoperation in neonates was 53.0 ± 17.6% (95% CI 17.0-79.7) at 1 year and 39.8 ± 17.5% (95% CI 9.5-69.6) at 10 years. In older patients (n = 10), the median time to TV reoperation was 5.7 years and freedom from reoperation was 100% at 1 year and 37.5 ± 17.1% (95% CI 8.7-67.4) at 10 years. There are 7 surviving neonates who underwent concomitant TV surgery, 4 of whom required TV replacement. The remaining 3 patients are free from reoperation, with mild or less TV insufficiency at the last follow-up. In the 37 surviving neonates who did not require concomitant TV surgery, 5 neonates required subsequent TV surgery at a median time of 6.5 years and 32 have mild or less TV insufficiency at the last follow-up.
DISCUSSION
TV insufficiency has been reported in approximately 25% of TA patients [7, 14] . There is no uniform approach in managing TV insufficiency, and its long-term impact is not well understood. It has been reported that patients with moderate or greater TV insufficiency have worse early outcomes [4] [5] [6] [7] [8] [15] [16] [17] [18] [19] [20] [21] . Our data show that there was no statistically significant difference between mortality and the degree of TV insufficiency, likely due to a small number of deaths. Russell et al. [7] reported the outcomes of 23 patients who had concomitant TV repair in a multi-institution review of 572 patients operated between 2000 and 2009. They reported a higher early mortality in patients who underwent concomitant TV repair (26%, 6/23) than those who underwent TA repair alone (10%, 53/545) [7] . Our study did not demonstrate a statistically significant difference in mortality in children undergoing concomitant TV surgery and those who did not.
Our data suggest that mild or less TV insufficiency is well tolerated and does not require intervention with a long-term freedom from TV surgery of 83.9% at 20 years. Patients with mild or less TV insufficiency in our cohort underwent concomitant TV surgery often to facilitate other procedures (e.g. unroofing of an intramural coronary artery) or due to TV stenosis. Conversely, most would agree that severe TV insufficiency must be addressed at the primary operation. Two patients in our cohort who had severe TV insufficiency underwent TV surgery. Both were neonates and died. Contention arises in patients with moderate TV insufficiency. The decision to perform concomitant TV surgery in these patients is difficult. Obviously, concomitant TV surgery is more challenging and has been associated with higher mortality (Table 2) , likely due to concomitant TV surgery often being required in younger and critically ill patients. This was not demonstrated in the current study-concomitant TV surgery was not associated with mortality. Our current approach is to repair the TV in children with moderate TV insufficiency, if possible. As shown in this study, most patients (76%, 13/17) with moderate TV insufficiency have required TV surgery at some point. This included 10 patients who underwent concomitant TV surgery and 3 who required subsequent TV surgery. Others [8, 22] have reported that moderate TV insufficiency is a risk factor for subsequent TV surgery if not addressed at TA repair.
Interestingly, most patients in our cohort who required TV surgery had a quadricuspid TV (concomitant, 57%, 12/21; subsequent, 50%, 7/14). Similarly, Russell et al. [23] reported that most patients who underwent TV surgery had a quadricuspid TV. In our cohort, most patients (79%, 15/19) with moderate or greater TV insufficiency had a quadricuspid TV; of whom, 11 have undergone TV surgery (concomitant, n = 9; subsequent, n = 2). In contrast, the remaining 39 patients with a quadricuspid TV and mild or less TV insufficiency, only 2 required TV surgery. Based on this observation, we believe children with a moderate or greater TV insufficiency and a quadricuspid TV should undergo concomitant TV surgery. Unfortunately, proportion of neonates is seldom reported; thus, the true impact of neonatal repair is not always feasible (Table 2) . Clearly, concomitant TV repair in neonates would be the most challenging. One-third (60/180) of our patient cohort were neonates. This subgroup of patients had a significantly higher early mortality of 20% (12/60) compared to 7.5% (9/120) in older patients. As expected, children with more advanced degree of TV insufficiency required TV surgery earlier ( Table 1 ). The timing of surgery is dictated by signs of heart failure. Over the study period, we tend to operate more during the neonatal period. Eleven neonates underwent concomitant TV surgery, with an early mortality of 27% (3/11), compared to 10% (1/10) in older patients (Fig. 2B) . Similarly, Russell et al. [23] reported 5 neonates who underwent concomitant TV repair between 1979 and 2012 with an early mortality of 40% (2/5). This illustrates that management of neonates becomes much more complicated when concomitant TV surgery is required as they are often in a critical condition. Despite the challenges presented with neonatal TV surgery, neonates with moderate or greater TV insufficiency often present with overt signs of heart failure and we believe that there is no choice but to operate on the TV.
Although concomitant TV repair could be lifesaving, it has limited durability. Of our 20 patients who underwent concomitant TV 'repair', 12 required TV reoperation. Six neonates required TV reoperation with freedom from TV reoperation of 53% at 1 year and 40% at 10 years. Myers et al. [21] reported that 69% (9/13) of neonates who had TV repair required TV reoperation with freedom from TV reoperation of 23% at 10 years. Additionally, Kaza et al. [8] reported 29% (5/14) of patients who concomitant TV repair required TV reoperation with a freedom from TV reoperation of 50% at 7 years. Similar to others, we employed several surgical techniques for TV repair. Unfortunately, due to heterogeneity in TV morphology and surgical techniques, it is difficult to determine a specific surgical approach that offers the most durability. Rather than attempting to come up with the standardized technique of repair, one must individualize repair for each patient.
Limitations
This study is subject to the usual limitations of a retrospective study. Perioperative techniques may have changed over time. Due to heterogeneity in TV morphology, several surgical techniques were applied. Although all patients with moderate or greater insufficiency have undergone TV surgery since 2000, some patients with moderate insufficiency did not undergo concomitant TV surgery prior to 2000. Some variables contained a relatively small number of patients, thus limiting the multivariate analysis.
CONCLUSION
Most patients with mild TV insufficiency are free from TV surgery up to 25 years. The durability of TV repair is poor. Most patients with moderate or greater TV insufficiency and a quadricuspid TV will require TV surgery.
